Quantum dots (QDs) provide photovoltaic conversion of below-bandgap photons due to multistep electron transitions. QDs also increase conversion efficiency of the above-bandgap photons due to extraction of electrons from QDs via Coulomb interaction with hot electrons excited by highenergy photons. Nanoscale potential profile (potential barriers) and nanoscale band engineering (AlGaAs atomically thin barriers) allow for suppression of photoelectron capture to QDs. To study these kinetic effects and to distinguish them from the absorption enhancement due to light scattering on QDs, we investigate long, 3-lm base GaAs devices with various InAs QD media with 20 and 40 QD layers. Quantum efficiency measurements show that, at least at low doping, the multistep processes in QD media are strongly affected by the wetting layer (WL). The QD media with WLs provide substantial conversion of below-bandgap photons and for devices with 40 QD layers the short circuit current reaches 29.2 mA/cm 2 . The QD media with band-engineered AlGaAs barriers and reduced wetting layers (RWL) enhance conversion of high-energy photons and decrease the relaxation (thermal) losses. V C 2014 AIP Publishing LLC. [http://dx
. The QD media with band-engineered AlGaAs barriers and reduced wetting layers (RWL) enhance conversion of high-energy photons and decrease the relaxation (thermal) losses. According to the fundamental Shockley-Queisser (S-Q) limit, the conversion efficiency of a traditional singlejunction solar cell under AM1.5 radiation cannot exceed 33%. 1 The best GaAs solar cells approach S-Q limit and demonstrate 28.8% efficiency. The short circuit current in these devices reaches 29.7 mA/cm 2 and an open circuit voltage is 1.12 V. 2, 3 There are many approaches proposed for engineering photon and electron states to increase the efficiency beyond the S-Q limit. Up-and down-conversion and plasmonic effects are studied to adapt solar radiation to the bandgap spectrum. 4 Photovoltaic conversion via impurity bandgap states was investigated for forty years. 5 Last decade significant efforts were devoted to quantum dot (QD) structures, which demonstrate wide possibilities for managing of IR absorption. 6 Photoelectron kinetics with multi-exciton generation strongly increases interest to QD structures. 7 In the area of high efficiency conversion, main efforts were concentrated at the development of the intermediate band solar cell (IBSC). 8 In spite of substantial technological achievements, QD IBSC efficiency in the best case increases by 1% compared with the reference cell. 9 Let us note that besides conversion of the below-bandgap photons, this improvement may be also explained by the enhanced absorption of the above-bandgap photons due to the light scattering by QDs. 10 The main problem of photovoltaic nanomaterials is the enhanced recombination of photocarriers. More than ten years ago, Hans Queisser highlighted:
11 "Carrier lifetime is the most sensitive measure of crystalline perfection. Any deviation from an ideal single crystal reduces the lifetime, and thus lowers conversion efficiency…. Any nanocrystalline material is, therefore, in principle an inappropriate choice for a cell material." At the same time, nanoscale engineering provides various opportunities for managing electron processes. 12 To increase the photocarrier lifetime in QD media, we propose to create nanoscale potential barriers, which suppress capture and recombination processes. 13, 14 The goal of the current work is to investigate how photoelectron processes depend on structural variations in QD media. Here, we compare effects of nanoscale potential barriers created by built-in charge [13] [14] [15] and the band-engineered barriers created by atomically thin AlGaAs layers around QDs. 16 These AlGaAs layers also substantially reduce the InAs wetting layer (WL) and, in this way, suppress photoelectron capture in QDs. To exclude effects of enhanced absorption due to light scattering on QDs, we fabricated the GaAs photovoltaic (PV) devices with 3 lm base as in the optimized GaAs solar cells. Our QD solar cells comprise various 1 lm and 2 lm InAs QD media with 20 and 40 QD layers correspondingly. To investigate effects of WL on PV conversion, we have fabricated devices with conventional QD media as well as devices with thin AlGaAs barriers and reduced wetting layers (RWL). Figure 1 illustrates the growth diagram. The structures were grown on n þ GaAs (100) substrates by molecular beam epitaxy. Following oxide desorption, a 200 nm n þ GaAs buffer with a doping density of 5 Â 10 18 cm À3 was grown at 595 C. The back surface field layer, which prevents the diffusion of holes into n þ -contact, was formed by 50 nm ndoped Al 0.2 Ga 0. 8 (to prevent diffusion of electrons into p þ -contact), and 20 nm p-GaAs contact layer.
In QD PV devices, the QD medium was placed in the base close to the p-n junction. The QD medium contains 20 We produced PV devices employing traditional photolithography followed by etching. The structures were etched down into the n þ GaAs substrate. The n-type blanket metallization of germanium/gold/nickel/gold was performed in an electron beam vacuum evaporator onto the back side of the substrate. Finally, the top of each device was patterned with a p-type metal. A titanium/platinum/gold top contact was deposited followed by a metal lift-off. All samples were passivated with ammonium sulfide and encapsulated with silicon nitride, which works as antireflection coating and also reduces recombination at the front and side surfaces. The devices have areas of 0.102 mm 2 (circular), 0.82 mm 2 (square), and 9.13 mm 2 (square). To measure photovoltaic characteristics, we use the Newport Oriel PV calibrated solar simulator, which provides illumination with AM1.5G spectrum. The I-V curves were obtained with an Agilent 4156C precision semiconductor analyzer. The characteristics of the square devices with area of 0.82 mm 2 are presented in Fig. 2 and summarized in Table I . The data are obtained after averaging over five best devices made from the same wafer. As seen, all QD devices show short circuit current, J SC , higher than that in the reference cell (RF1 devices), but smaller open circuit voltage, V OC.
The n-doping of QD devices improves J SC and V OC hence increasing the conversion efficiency. The WL1 devices with InAs wetting layer and selective interdot doping of $3 electrons per dot show the short circuit current of 27.9 mA/cm In order to identify photoelectron processes in QD media, we measured the spectral dependence of external quantum efficiency (EQE). Such measurements require large area devices, which were fabricated from the same wafers as discussed above. According to Fig. 3 , all QD devices show significant contribution to the short circuit current in the near-bandgap range of 860-900 nm. Calculating this contribution from EQE data as
EQEðkÞ PðkÞ dk ;
where P(k) is the spectral density of the AM1.5G photon flux, we get $1.7 mA/cm 2 for RWL1 device, 1.9 mA/cm 2 for RWL2, and 2 mA/cm 2 for WL1 devices. These values exceed by 1-1.3 mA/cm 2 the corresponding value for the RF1 reference cell. This QD contribution is not sensitive to WL and AlGaAs barriers in QD media. The interdot doping of QD media slightly decreases this contribution. To exclude the bandgap shift due to InGaAs creation in the growth procedure, the devices were analyzed by Secondary Ion Mass Spectrometry (SIMS) and Energy Dispersive X-Ray Spectroscopy. The results confirm absence of In in the GaAs base and in the interdot space of QD medium matrix.
The observed QD-induced conversion of light in the range of 860-880 nm is associated with the Burstein-Moss effect. In the reference cell, the low energy states in the conduction band of n-doped GaAs are filled by electrons so the optical transitions to these states are prohibited. Dependence of GaAs absorption on the electron concentration was accurately investigated in Ref. 17 . For photons with k ¼ 870 nm, the n-doping of 2 Â 10 17 cm À3 decreases the absorption coefficient to 0.3 lm À1 . In the n-doped QD media electrons populate mainly QDs and photon absorption of QD matrix becomes similar to that in the undoped GaAs. In the undoped GaAs, the absorption coefficient of photons with k ¼ 870 nm increases to $0.8 lm
À1
. 17 This provides substantial absorption in our devices. In the range of 880-900 nm, the absorption is increased due to transitions to low-energy continuous states in the minibands formed by periodically placed QD layers. 18 Various mechanisms of Urbach-Martienssen tails in nanostructured GaAs may also provide substantial contribution in this range. 19 In the range above 900 nm, only QD devices with WLs show substantial contribution to the electric current. The 2D quasi-localized WL electron states provide effective coupling between the 0D localized QD states and 3D conducting states in the matrix. The effect of IR harvesting and conversion by QDs is proportional to the number of QD layers in the device. 20 In Fig. 4 , we compare the device with 20 undoped QD layers (WL2) and analogous device with 40 undoped QD layers (WL3). As seen, the device with 40 QD layers shows the short circuit current of 29.2 mA/cm 2 (see Table I ).
The most interesting observation of this work is the substantial enhancement of EQE in the wide range of 500-720 nm observed in RWL QD media. We associate the increase of EQE in this range with a two-step process shown in Fig. 5 . First, a subband photon creates electron-hole pair in QD and a high-energy photon creates another pair. The second step is the ionization of the QD by the high-energy (hot) electron. Assuming that the process is localized in a dot volume, the corresponding electron extraction (QD ionization) rate may be presented as
where N d is the concentration of QDs, a is the QD radius, and s ee is the corresponding electron-electron scattering time in QD. Because the energy transferred in these processes is substantially larger than the level spacing, we will ignore the quantization in QD and use the electron-electron scattering rate in the bulk conductor 21 and get 
where v is the material permittivity, n is the number of electrons in QD, and E is the transferred energy. The ionization rate is proportional to the number electrons per dot and it is independent on the dot radius. Let us note that the product N d Â n is equal to the concentration of dopants. The obtained ionization rate of QDs by hot electrons is of the same order as the electron-electron scattering in the bulk material with the doping level that provides n electrons per dot in Eq.
. 21 For characteristic energy of $0.1 eV, the ionization rate turns out to be $1 ps at doping level of QD media of $10 17 cm
À3
. At this doping level, the ionization of QDs by hot electrons becomes comparable with cooling of hot electrons via optical phonon emission. Thus, doped QD media may be used to decrease relaxation losses.
The high-frequency boundary of the effect is determined by the strong absorption of high-energy photons in GaAs. The absorption coefficient of 500 nm electromagnetic quanta is $100 nm À1 and, therefore, the radiation in 400-500 nm range is strongly absorbed in the 250 nm p-doped area of our devices. The electron cooling rate is also of the order of 100 nm. Therefore, hot electrons that are created in the p-doped area do not reach QD media. The 500-720 nm wavelength photons are absorbed in QD media near p-n junction. The photoelectrons obtained in this effect should go through the whole device base. For this reason, the effect is only observed in the RWL devices with strong suppression of capture by QDs.
The efficiency of this two-step effect is proportional to the product of probabilities of two transitions. Doping suppresses the creation of electron-hole pairs in QDs due to increased filling of the dots by electrons. At the same time, the n-doping strongly enhances the electron extraction from QDs due to interaction with hot electrons. As a result of this trade-off, the effect initially increases with doping, reaches a maximum, and decreases due to filling of QDs. In the current work, the effect is investigated for undoped QD media and n-doped media with doping of $3 electrons per dot. The effect is increased with doping increase, but we did not yet reach the maximum.
In summary, it has been found that in the near-bandgap range of 860-900 nm the contribution of QDs is determined by the Burstein-Moss effect 17 and light absorption due to low-energy minibands formed by periodically placed QD layers. 18 Above 900 nm only QD media with WLs provide substantial IR harvesting and absorption. This effect is proportional to the number of QD layers. In our devices with 40 QD layers, the photocurrent increases to 29.2 mA/cm 2 which is very close to the record current in GaAs solar cells.
Substantial QD contribution to PV conversion is also observed in the optical range from 500 to 720 nm. We associate this effect with ionization of QDs by hot electrons (Fig.  5) . In this process, the light-excited high-energy electrons extract electrons localized in QDs. In general, the electron heating, i.e., hierarchy of scattering times when electronelectron scattering dominates over the electron-phonon one, is favorable for PV conversion. For deep QDs, it leads to multiple exciton generation in QDs. 22 In doped InAs/GaAs QD media it leads to effective electron extraction from QDs by hot electrons.
In order to determine the optimal strategy, we would like to note that IR conversion is strongly enhanced in structures with large QDs due to increase of QD level degeneracy. 13, 23 However, large dots efficiently capture photoelectrons and, as a result, the total photocurrent turns out to be even smaller than that in the device with small dots. 23 Therefore, devices with small dots usually show better performance. 20 At the same time, strong charging of large dots allows for both increase of IR harvesting and suppression of photoelectron capture. 13, 15, 24, 25 According to this work, the dot charging also enhances ionization of QDs by hot electrons (Fig. 5 ) and minimizes the relaxation losses. Therefore, our next steps aim at studies of PV conversion by strongly charged and relatively large QDs. 
